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Dynamical Backaction of Microwave Fields on a Nanomechanical Oscillator
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We measure the response and thermal motion of a high-Q nanomechanical oscillator coupled to a
superconducting microwave cavity in the resolved-sideband regime where the oscillator’s resonance
frequency exceeds the cavity’s linewidth. The coupling between microwave field and mechanical
motion is strong enough for radiation pressure to overwhelm the intrinsic mechanical damping.
This radiation pressure damping cools the fundamental mechanical mode by a factor of 5 below the
thermal equilibrium temperature in a dilution refrigerator to a phonon occupancy of 140 quanta.
PACS numbers: 85.85.+j, 42.50.Wk, 85.25.-j, 84.40.Dc, 05.40.Jc
Recent advances in coupling mechanical oscillators
to electromagnetic resonances have led to accelerated
progress in both measuring and cooling mechanical mo-
tion [1, 2, 3, 4, 5, 6, 7]. In cavity optomechanical systems,
the motion of a mechanically compliant object tunes the
resonance frequency of an optical cavity, while the intra-
cavity light exerts a backaction force on the element [7, 8].
With these systems, observing quantum behavior of me-
chanical objects seems feasible. To reach this quantum
regime, one must be able to minimize the random thermal
motion of the harmonic oscillator so that the zero-point
motion becomes dominant. Furthermore, the oscillator
must also be compatible with a measurement technique
that is sensitive enough to resolve this residual motion.
In the field of cavity optomechanics, the strong interac-
tion between the photons in an electromagnetic cavity
and the phonons in a mechanical oscillator provides both
sensitive measurement and the potential for ground-state
cooling.
Despite the large optomechanical coupling achieved
with high-finesse Fabry-Perot cavities, mechanical
ground-state cooling remains elusive. For optical back-
action to cool a mechanical oscillator to its ground
state, the cavity optomechanical system must reach the
resolved-sideband limit where the oscillator’s resonance
frequency ωm exceeds the cavity linewidth γ. (This con-
dition is analogous to the requirements for laser side-
band cooling first demonstrated with trapped ions sev-
eral decades ago [9].) In cavity optomechanics, only the
highest-finesse cavities approach this limit. It is only
in recent experiments with a microtoroid simultaneously
serving as both the mechanical and optical resonator that
ωm > γ is achieved [10]. While reaching the ground state
of the oscillator is aided by precooling in a cryostat, this
is technically challenging in optical systems [11].
In this Letter, we demonstrate a microwave optome-
chanical system that is well into the resolved-sideband
limit (ωm = 6.6 × γ) and is compatible with precool-
ing in a dilution refrigerator. Within a superconduct-
ing, microwave, transmission-line resonator, we embed
a nanomechanical oscillator in the form of a freely sus-
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FIG. 1: (color online). (a) Sketch of a nanomechanical
beam embedded in a microwave cavity with a measurement
schematic. The solid (blue) region represents the patterned
aluminum film. The cavity is excited by a microwave sig-
nal propagating in a nearby transmission line. The motion
of the oscillator is encoded in the amplitude and phase of the
transmitted signal. We recover the motion of the oscillator by
amplifying and mixing this signal with a reference. (b) Power
spectral density of cavity frequency fluctuations (f = ωc/2pi).
Data are shown for two different cryostat temperatures of
50 mK (lower) and 240 mK (upper) with a Lorentzian fit
(solid lines) to each trace. (c) The mean-square fluctuations
in the cavity’s resonance frequency due to the thermal motion
of the oscillator as a function of cryostat temperature. The
linear fit (solid line) yields g = 2pi × 6.4 kHz/nm.
pended, doubly clamped beam [Fig. 1(a)]. We show that
the frequency and power of the microwave signal applied
to the cavity strongly affect the mechanical properties
of the oscillator. These effects are in excellent agree-
ment with the theoretical predictions for the dynamical
backaction in the resolved-side band regime. We also
measure the thermal motion of the beam and show that
the small number of thermal quanta (m¯ = 700) of the
mechanical mode in equilibrium with a 50 mK dilution
refrigerator can be further cooled using dynamical back-
action to m¯ = 140. These measurements demonstrate
2that the mechanical damping can be dominated by the
radiation pressure effects, indicating that this system is
an excellent candidate for probing the quantum behavior
of a tangible harmonic oscillator.
Unlike traditional optomechanical systems where the
mechanically compliant object must be large enough to
focus a laser on its surface, microwave cavities can ef-
ficiently couple to mechanical oscillators whose cross-
sectional area is limited only by the lithographic tech-
niques used to fabricate them. Lighter oscillators respond
to the smaller radiation pressure forces imparted by mi-
crowave photons because they have larger zero-point mo-
tion, xzp =
√
h¯/(2mωm), where m is the effective mass
of the oscillator and x is the displacement at the center
of the beam. Together, the narrow linewidth of a super-
conducting microwave cavity and the large mechanical
resonance frequency of a light oscillator easily achieve
the resolved-sideband limit. Finally, the resulting mi-
crowave, optomechanical system is naturally compatible
with low temperature (T < 1 K) operation [6, 12]. The
low thermal occupancy of the mechanical mode greatly
reduces the radiation pressure effects necessary to cool to
the ground state.
Recent theory [13, 14] predicts that radiation pressure
forces at frequencies near ωm alter the mechanical os-
cillator’s response function. When the cavity is excited
with a tone at frequency ωe, this dynamical backaction
adds a term Γ to the oscillator’s damping rate and Ω to
its resonance frequency, where
Γ = B
[
γ
γ2 + 4 (∆ + ωm)
2
−
γ
γ2 + 4 (∆− ωm)
2
]
, (1)
Ω = B
[
∆+ ωm
γ2 + 4 (∆ + ωm)
2
+
∆− ωm
γ2 + 4 (∆− ωm)
2
]
, (2)
and ∆ = ωe − ωc is the detuning between the frequency
of excitation and the cavity’s resonance. The prefactor
B = 4n¯g2x2zp controls the strength of the optomechan-
ical interaction. Here n¯ is the average number of pho-
tons in the cavity and g is the optomechanical coupling
(dωc/dx). When the microwave signal is applied above
the cavity resonance (∆ > 0), Γ < 0 and the oscilla-
tor’s motion is amplified. When the total damping, the
sum of the intrinsic dissipation γm0 and the radiation
damping, becomes negative (γm = γm0+Γ < 0), the me-
chanical motion undergoes regenerative oscillations [15].
By detuning below the cavity resonance, the increased
damping is accompanied by cooling of the mechanical
motion. In the presence of radiation damping, the os-
cillator is coupled to two baths: one characterized by
the physical temperature of its surroundings T0, and the
other by an effective nonequilibrium temperature of the
radiation pressure force Tp. The final temperature is
given by the weighted average of these two quantities:
Tm = (γm0T0 + ΓTp)/γm [13, 14].
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FIG. 2: (color online). The mechanical damping and reso-
nance frequency shift as functions of detuning. As the de-
tuning is changed, the incident microwave power is adjusted
to keep the circulating power constant. The solid lines are a
coupled fit to Eqs. (1) and (2) where the only free parameter
is the circulating microwave power. This power agrees within
the 3 dB uncertainty with which the attenuation within the
cryostat is known. Data is missing near ∆ = ωm where the
beam regeneratively oscillated, as expected for γm < 0.
In our device, the cavity is a quarter-wave copla-
nar waveguide (CPW) resonator [16] with ωc = 2pi ×
5.22 GHz, and γ = 2pi × 230 kHz. The mechanical
oscillator is a doubly clamped beam with dimensions
of 100 × 0.13 × 0.12 µm3 and has an effective mass of
6.2 × 10−15 kg. The beam is freely suspended within
a voltage antinode of the cavity, and its in-plane mo-
tion capacitively loads the cavity and modulates the
electrical length. These devices are fabricated by pat-
terning a resist mask with a combination of optical and
electron-beam lithography, and then depositing both the
microwave cavities and mechanical oscillators with a sin-
gle evaporation of aluminum [Fig. 1(a)]. The device is
annealed at 340◦C for 30 minutes, and then the beam is
suspended using an SF6 reactive-ion etch to remove the
silicon substrate in a small region around the nanome-
chanical beam. The annealing step increases the tensile
stress in the aluminum film which increases both ωm and
the quality factor (Qm = ωm/γm) by 50 times what is
measured in unstressed devices [6, 12]. At low temper-
atures, ωm = 2pi × 1.525 MHz and Qm > 300, 000. All
measurements of the device are made in a dilution refrig-
erator using homodyne detection shown schematically in
Fig. 1(a) and discussed in previous work [6].
We infer the displacement of the nanomechanical beam
by monitoring the amplitude and phase fluctuations of
the microwave field emerging from the cavity. We can
also apply an electrostatic force to the beam by varying
the potential of a nearby electrode [6]. To character-
ize the optomechanical coupling, we use the thermal me-
chanical motion as a calibration [Fig. 1(b) and (c)]. Even
in the absence of any applied force, the measurement eas-
3ily resolves a peak in the power spectral density of the de-
modulated microwave signal at the mechanical resonance
frequency. This peak is due to the thermal motion of the
beam; therefore, the area of the peak should be propor-
tional to temperature in accordance with the equiparti-
tion theorem. We indeed find that above 50 mK the peak
area follows a linear relationship with the cryostat tem-
perature, from which we find an optomechanical coupling
of g = 2pi × 6.4 kHz/nm. In the resolved-sideband limit,
the signal-to-noise ratio of the measurement is best when
the microwave excitation is detuned from the cavity res-
onance by the mechanical resonance frequency. As this
is also the point of strongest dynamical backaction, we
perform this calibration with ∆ = −ωm, but at a very
low circulating power of Pc = h¯ω
2
e n¯ = 50 nW. At this
low power, there is no discernable difference in the me-
chanical properties between detuning to either side of the
cavity resonance.
As the microwave power is increased, the effects of the
radiation as given by Eqs. (1) and (2) become apparent.
Figure 2 shows the mechanical linewidth and resonance
frequency as functions of detuning while holding Pc con-
stant. At each detuning, we measure the mechanical re-
sponse to an applied force in order to extract ωm and γm.
Note that in this resolved-sideband limit, the change in
the beam’s mechanical properties with detuning around
∆ = ±ωm reproduces the complex response of the cavity.
The agreement with Eqs. (1) and (2) demonstrates that
it is the finite response time of the cavity that is respon-
sible for the damping. The independently determined
values of ωm, γ, and g accurately account for the loca-
tion, width, and height of the features in Fig. 2. For this
intermediate circulating power of 900 nW, the magnitude
of the radiation damping is slightly greater than the in-
trinsic damping (Γ >∼ γm0). The mechanical linewidth
is roughly doubled for ∆ = −ωm and becomes negative
near ∆ = +ωm. In this region of negative damping, we
observe regenerative oscillations of the beam.
We next increase the microwave power in order to un-
derstand how large these radiation effects can be. There
is a practical limit on Pc in our cavity set by the strength
of the superconductivity in the aluminum that defines
the cavity. Beyond Pc ≈ 1 µW, the cavity resonance
becomes nonlinear and eventually bistable. This effect
does not preclude mechanical measurements; however, in
this regime, changing the microwave power changes the
cavity lineshape and shifts its resonance frequency. We
measure the mechanical response and find γm and ωm
at the largest microwave powers (Fig. 3). To avoid re-
generative mechanical oscillations, we only measure in
the region ∆ < 0. Because the detuning is referenced
to the low-power resonance frequency of the cavity, each
higher power curve has an optimum detuning (maximal
γm) that is lower in frequency. This is a direct measure
of the nonlinear shift in the cavity’s resonance frequency.
Unlike the data in Fig. 2, these curves are taken with
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FIG. 3: (color online). The mechanical damping and reso-
nance frequency shift as functions of detuning for microwave
powers that drive the cavity nonlinear. Each curve corre-
sponds to a different incident microwave power, and the de-
tuning is relative to the low-power resonance frequency of the
cavity. As the incident power is increased from 16 nW (vio-
let, right) to 100 nW (red, left) in 1 dB steps, the absolute
frequency at which maximum mechanical damping occurs fol-
lows the nonlinear cavity resonance to lower frequency.
a constant incident power Pi. For our geometry in the
overcoupled regime, Pi = h¯ωen¯(γ
2+4∆2)/γ. These data
demonstrate a microwave optomechanical system oper-
ating both in the resolved-sideband and the radiation-
dominated limit (Γ≫ γm0).
Since the unique benefit of operating in the resolved-
sideband limit is the potential to cool the mechanical
mode of interest to the ground state [13, 14, 17], we now
examine the oscillator’s temperature as a function of mi-
crowave power. To do this, the detuning is adjusted to
the optimal cooling point, as determined from the data in
Fig. 3. Because we are using the microwave signal both
to cool the beam and to measure the displacement, it is
important that we have a valid calibration. We apply
a constant electrostatic force to the beam whose mag-
nitude we know from our low-power thermal calibration
(Fig. 1). In this way, the measured power spectral den-
sity can be converted to displacement units, as shown
in Fig. 4(a). Because of the stronger optomechanical
coupling and higher mechanical resonance frequency, the
displacement sensitivity is not limited by the cavity fre-
quency noise as seen in previous experiments [6]; the ab-
solute sensitivity improves with increasing power even at
the highest microwave power. Furthermore, as the mi-
crowave power is increased, the thermal peak becomes
wider (lower Qm) and smaller (less area), indicating that
the additional damping is accompanied by cooling. Be-
cause ωm = 6.6 × γ, the effective temperature of the
photon bath is negligible (Tp ≈ 10 µK) compared to that
of the cryogenic environment [13, 14]. Thus, the temper-
ature of the mechanical mode in the presence of radiation
effects should be determined from the increase in damp-
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FIG. 4: (color online) (a) Thermal noise of the mechanical
motion. Each noise spectrum (dots) is taken at a new mi-
crowave power such that the microwave carrier is optimally
detuned from the cavity resonance for maximum mechanical
damping and cooling. The solid lines show Lorentzian fits,
which are used to determine γm and Tm. The data are not
offset; as the circulating power is increased from 46 pW (up-
per, red) to 7.3 µW (lower, violet), the absolute measurement
imprecision improves. (b) The total damping (squares) and a
dashed line indicating γm ∝ Pc as predicted by Eq. (1) when
Γ ≫ γm0. (c) The temperature of the mechanical mode, as
determined from the area of the noise spectra, shows cooling
from 50 mK to 10 mK.
ing, Tm ≈ T0(γm0/γm). Figure 4(b) shows that at the
highest powers the damping is increased by a factor of
30 and the temperature is reduced by a factor of 5. We
suspect this discrepancy arises from the fact that large
microwave power may heat the local environment [6]. Be-
cause γm0 increases with temperature, parasitic heating
would reduce our cooling in two ways, both by warming
the bath to which the beam is coupled and by coupling
more strongly to that bath. Nevertheless, Fig. 4(b) shows
that at the highest powers, the damping becomes linear
in power as expected from radiation pressure effects [Eq.
(1)], overwhelming the weakly power dependent intrin-
sic damping γm0 and cooling the beam to 10 mK. The
natural metric to quantify this cooling is how many ther-
mal quanta remain in the mechanical oscillator. For this
device, cooling to 10 mK corresponds to a final phonon
occupation of m¯ = 140±7. This cooling is currently lim-
ited by the microwave power that can be applied to the
cavity, not by a fundamental limitation of the dynamical
backaction. For example, at the point of maximum cool-
ing, the mechanical oscillator still has a quality factor of
approximately 10,000.
In future devices, several improvements should allow
us to exploit the full-cooling potential of the resolved-
sideband regime. Fabricating the cavity out of a higher
transition temperature superconducting metal, such as
niobium, will greatly increase the circulating power at
which the resonance becomes nonlinear. At higher power,
the cavity frequency noise creates a larger radiation-
pressure force on the beam, but with a modest increase
in the coupling strength, this random force will not pre-
vent m¯ < 1. Once cooling at or near the ground state
becomes technically feasible, an equally important com-
ponent is a measurement that is sensitive enough to re-
solve the residual quantum motion. To this end, we will
integrate this measurement technique with a quantum-
limited microwave amplifier that will allow displacement
measurements with improved sensitivity [18].
In conclusion, we have shown that by coupling a su-
perconducting microwave resonator to the motion of a
nanomechanical oscillator, one can reach the resolved-
sideband limit. The coupling is strong enough that the
dynamical backaction of the microwave photons can be-
come the dominant source of mechanical dissipation, a
prerequisite for cooling to the mechanical ground state.
This damping cools the fundamental mechanical mode
of the oscillator fivefold to a thermal occupation of 140
phonons. These measurements indicate that this optome-
chanical system is a promising candidate for realizing
ground-state cooling of a mechanical oscillator.
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